Chemotherapy-induced broad toxicities are the leading cause of the drug-induced mortality in cancer patients. Antiangiogenic drugs (ADs) in combination with chemotherapy are widely used as frontline therapy for the treatment of various human cancers. However, the beneficial mechanisms underlying combination therapy are poorly understood. Here we show that, in several murine tumor models, administration of sunitinib markedly reduced chemotherapyinduced bone marrow toxicity. Intriguingly, in a sequential treatment regimen, delivery of ADs followed by chemotherapy demonstrated superior survival benefits compared with simultaneous administration of two drugs. In murine tumor models, we show that VEGF increased chemotoxicity by synergistically suppressing bone marrow hematopoiesis with cytostatic drugs. These findings shed light on molecular mechanisms by which ADs in combination with chemotherapy produce survival benefits in cancer patients and provide conceptual information guiding future designs of clinical trials, current practice, and optimization of ADs for the treatment of cancer.
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antiangiogenic therapy | angiogenesis | angiogenic factors | cancer therapy | anemia A ntiangiogenic drugs (ADs) are one of the key components of front-line therapy in current combination regimens for the treatment of various human cancers (1) (2) (3) . Clinical experiences gained from different types of cancers demonstrate that ADs such as bevacizumab, sunitinib, and sorafenib in combination with chemotherapy often produce significant but modest survival benefits (4, 5) . These clinical findings have raised several important issues regarding the beneficial mechanisms of antiangiogenic therapy in cancer patients. For example, what is the fundamental mechanism underlying the clinical benefits of combination therapy? What are the molecular targets of ADs in combinatorial settings? Could ADs modulate the efficacy of chemotherapy or vice versa? If so, what kind of chemotherapeutic drugs (CDs) should be chosen for optimizing therapeutic effects with ADs? What is the optimal sequence of delivery of combinatorial drugs? To date, these important and clinically relevant issues remain unresolved.
We have previously shown that circulating VEGF significantly impairs hepatic functions, the endocrine system, and bone marrow (BM) hematopoiesis, leading to hemorrhagic ascites, weight loss, and early death in mice that manifest a cancer-associated systemic syndrome (CASS) (6) . The VEGF-induced CASS resembles cancer cachexia and a paraneoplastic syndrome frequently seen in cancer patients (6, 7) . In fact, CASS is responsible for ∼20% of mortality in all cancer patients (8) . CDs such as cyclophosphamide (CTX), platins, and taxanes usually produce a broad spectrum of toxicity in multiple tissues and organs that undergo renewal and regeneration, often leading to severe anemia, cardiovascular failure, liver dysfunction, hair loss, and gastrointestinal disorders (9, 10) . Owing to chemotoxicity, a substantial number of cancer patients die of therapy-related toxicities rather than disease. Because tumor-derived VEGF impairs physiological functions of multiple tissues and organs, and because CDs produce similar toxicities in a set of overlapping organs, we hypothesize that ADs might reduce chemotoxicityrelated mortality by improving tissue functions such as BM hematopoiesis. In the present study, we provide experimental evidence to support this hypothesis.
Results

Survival Benefit of Combination Therapy in a Murine Melanoma
Model. To study the beneficial mechanisms of combinations of chemotherapy and antiangiogenic therapy, we chose sunitinib and carboplatin, which are widely used in cancer therapy (5, 9) . In a murine B16 melanoma model, we showed that administration of carboplatin at a clinically relevant dose of 50 mg/kg per day (11) to tumor-bearing mice for 10 d resulted in broad toxicities, leading to 80% of animal deaths (n = 12-15 mice/group) (Fig. 1A) . Conversely, delivery of sunitinib (60 mg/kg per day) alone did not result in death. Our findings reconciled with the clinical safety profiles of these well-characterized ADs and CDs (5, 9) . It appeared that chemotherapy-induced mortality was not associated with tumor volume because carboplatin did not exhibit a significant antitumor effect in this melanoma model (Fig. 1B) .
Before combination therapy, pretreatment of tumor-bearing mice with sunitinib for 5 d followed by sunitinib plus carboplatin significantly improved tumor suppression relative to the effect observed with carboplatin alone (Fig. 1C) . Surprisingly, the degree of tumor suppression by sunitinib plus carboplatin did not correlate with significant improvement of animal survival compared with the group successively treated with carboplatin alone. In fact, animals treated with sunitinib followed by carboplatin alone showed slightly better survival relative to the group treated with sunitinib followed by sunitinib plus carboplatin (Fig. 1D ). These findings demonstrate that survival benefits of ADs and chemotherapy are not associated with suppression of tumor growth, and that sequential delivery of an AD followed by chemotherapy produces superior survival effects.
Sunitinib Protects Chemotherapy-Induced BM Destruction in a Melanoma Model. Chemotherapy is known to display broad adverse effects, which include BM suppression, hair loss, gastrointestinal disorders, immunosuppression, and cardiotoxicity (9, 10) . Among these drug-induced global toxicities, suppression of BM hematopoiesis is probably the most severe clinical issue that is often associated with chemotherapy-induced mortality in cancer patients. Among commonly used CDs, carboplatin is known to induce severe anemia and myelogenic defects. We and others have recently shown that tumor-derived VEGF also significantly impairs BM hematopoiesis, and that ADs including sunitinib significantly improve survival in mice by a mechanism of off-tumor targets (6, 12, 13) . These data suggest that tumorderived VEGF and chemotherapeutic drug might synergistically impair hematopoiesis and myelogenesis in tumor-bearing hosts.
To study the impact of sunitinib and carboplatin on BM hematopoiesis and myelogenesis, BM from tumor-bearing mice treated with monotherapy or combinatorial therapy were histologically analyzed. Interestingly, BM from B16 tumor mice showed scattered distribution of hematopoietic islets relative to BM from healthy mice (Fig. 1 E-G) , suggesting a tendency of an anemic phenotype, which was validated by measurement of hematocrits and hemoglobin ( Fig. 1 H and I) . However, white blood cell (WBC) values in the B16 tumor group were not decreased, and slightly elevated levels were detected (Fig. 1J) .
As expected, carboplatin alone significantly reduced hematopoietic islets by showing increased areas of noncellular structures (Fig. 1 E-G) . Conversely, treatment with sunitinib alone did not result in significant suppression of hematopoiesis (Fig. 1 E-G) . Pretreatment of tumor-bearing mice with sunitinib significantly improved carboplatin-induced hematopoietic impairments but not myelogenic defects ( Fig. 1 E-J). Consistent with the reported myelosuppression profile (14) , sunitinib alone also displayed a marked effect on repression of myelogenesis by a possible mechanism of inhibiting c-kit and flt-3 kinases (Fig. 1J) .
Analysis of tumor angiogenesis confirmed that sunitinib significantly inhibited tumor neovascularization and normalized the remaining vasculature ( Fig. S1 A and B) . By contrast, carboplatin alone did not significantly inhibit tumor angiogenesis ( Fig.  S1 A and B) . Similarly, the addition of carboplatin to the sunitinibtreated group did not further increase the antiangiogenic effect of sunitinib ( Fig. S1 A and B) . Intriguingly, carboplatin did not seem to maintain the antiangiogenic activity of sunitinib when these drugs were sequentially delivered ( Fig. S1 A and B) . These findings demonstrate that pretreatment of tumor-bearing mice with sunitinib protects the host from chemotherapy-induced hematopoietic defects, and provides a possible mechanism underlying survival benefits of combination therapy.
Tumor-Derived VEGF Impairs BM Hematopoiesis and Shortens Survival. The protective effect of chemotoxicity by sunitinib suggests that tumor-derived VEGF might augment the toxic adverse effect of CDs. To study this possibility, we transfected a murine T241 fibrosarcoma cell line with human VEGF 165 cDNA to reach a relative high level of expression. In agreement with our previously published findings (15-17), implantation of VEGF-T241 tumors into syngeneic mice resulted in an accelerated tumor growth rate ( Fig. 2A) . Similarly, VEGF-T241 tumor-bearing mice showed significantly shortened lifespans relative to those in the control group (Fig. 2B) . By day 18 after tumor implantation, ∼50% of VEGF-T241 tumor-bearing mice died of CASS (Fig.  2B ). It appeared that sunitinib did not significantly affect the tumor mass during this short time of treatment ( Fig. 2A and C) . However, treatment of VEGF-T241 tumor-bearing mice with sunitinib significantly improved survival (Fig. 2D) , further validating that VEGF plays a causal role in murine death. By contrast, none of the mice in the control group, i.e., vector-T241 tumor-bearing mice, died during this experimental period.
Histological analysis showed that, in addition to enhanced tumor angiogenesis VEGF-T241 tumor-bearing mice had severe hematopoietic defects in their BMs relative to controls (Fig. 2 E  and F) . In virtually all tumor-bearing mice, BM hematopietic islets had almost completely disappeared, and only a small number of remaining hematopoietic niches were associated with the bone matrix (Fig. 2E) . Conversely, vector tumor-bearing mice exhibited a relatively healthy BM hematopoietic phenotype. To further validate the role of VEGF-induced hematopoietic defects, tumor-bearing mice were treated with sunitinib, which largely restored the VEGF-induced BM impairments ( Fig.  2 E and F) .
Consistent with hematopoietic defects in BM, peripheral red blood cell (RBC) and hemoglobin values were markedly lower in VEGF-T241 tumor-bearing mice relative to vector control tumor-bearing mice (Fig. 2 G and H) . However, myelogenesis remained largely unaffected by tumor-derived VEGF (Fig. 2I ). These findings demonstrate that tumor-derived VEGF induced severe anemia in mice by selectively destroying BM-dependent hematopoiesis. As expected, in this VEGF tumor model sunitinib demonstrates marked antiangiogenic effects (Fig. S2 A and B) .
Tumor-Derived VEGF Increases Chemotoxicity and ChemotherapyInduced Mortality. As shown above, both CDs and VEGF induced severe hematopoietic defects in BM, although the underlying mechanisms might be different. We hypothesized that administration of CDs to VEGF-producing tumors might produce a synergistic destructive activity on BM hematopopiesis. Surprisingly, treatment of VEGF-T241 tumor-bearing mice with carboplatin at a relatively low dose (25 mg/kg per day) resulted in death in 80% of animals, suggesting that VEGF and chemotherapy synergistically abbreviate survival in this tumor model (Fig. 3A) . To further study whether the synergistic antisurvival effects of VEGF and chemotherapy were particularly limited to carboplatin, CTX at a dose of 62.5 mg/kg per day, a clinically relevant dose (18) , was used for treatment. Like carboplatin, CTX induced a similarly high death rate in VEGF tumor-bearing mice (Fig. 3B ), suggesting that a common mechanism underlying high death rates caused by various CDs might exist.
Consistent with synergistic effects on antisurvival effects, administration of CTX or carboplatin to VEGF tumor-bearing mice led to almost complete eradication of hematopoietic cells in the BM (Fig. 3 C and D) . These data demonstrate that VEGF and CDs synergistically suppress BM hematopoiesis. In concordance with the rigorously defective phenotype in BM, peripheral values of RBC and hemoglobin in CTX-or carboplatin-treated groups were markedly low ( Fig. 3 E and F) , demonstrating that these treated mice has severe anemia. In addition, in the CTXtreated group, the WBC value was markedly reduced (Fig. 3G) . However, carboplatin did not significantly reduce the myeloid value in VEGF tumor-bearing mice. These data support clinical experience with the safety profiles of these two drugs. Analysis of the tumor vasculature showed that, whereas CTX exhibited antiangiogenic activity in VEGF tumor tissues, carboplatin produced only a modest effect on suppression of tumor angiogenesis (Fig. S3 A and B) .
Anti-VEGF Therapy Improves Survival by Reducing CarboplatinInduced Chemotoxicity. Synergistic suppression of BM hematopoiesis and shortened survival by tumor-derived VEGF and CDs suggests that anti-VEGF drugs might improve survival by a mechanism reducing chemotoxicity. If so, sequential delivery of anti-VEGF drugs before chemotherapy to normalize BM hematopoiesis would produce greater beneficial effects than simultaneous delivery of both drugs. To rationalize this experiment, we pretreated VEGF-T241 tumor-bearing mice with sunitinib followed by chemotherapy. As a control, simultaneous delivery of both drugs was initiated from the beginning of the experiment. Intriguingly, sequential delivery of sunitinib followed by carboplatin was associated with superior survival relative to that in the group (n = 8-10 mice/group) simultaneously treated with both drugs from the beginning (Fig. 4A) . Similarly, pretreatment of tumor-bearing mice with sunitinib followed by a combination of sunitinib plus carboplatin was also significantly associated with improved survival. In contrast, carboplatin induced wide-ranging mortality in VEGF tumor-bearing mice that did not have prior treatment with sunitinib ( Fig. 4 A and C) . These findings demonstrate that, when administered before chemotherapy, sunitinib significantly improves survival in tumorbearing mice.
To elucidate the mechanism underlying superior survival effects of sequential delivery of anti-VEGF therapy followed by chemotherapy, BM from tumor-bearing mice was histologically analyzed. As expected, pretreatment with sunitinib significantly normalized the BM cell population in VEGF tumor-bearing mice (Fig. 4 B and C) . Surprisingly, sunitinib in combination with carboplatin did not significantly improve the hematopoietic population in BM (Fig. 4 B and C) . Conversely, pretreatment with sunitinib followed by carboplatin markedly rescued BM cells relative to those in the group simultaneously treated with both drugs. Similarly, pretreatment with sunitinib significantly protected carboplatin-induced BM toxicity in the group receiving combination therapy (Fig. 4 B and C) . In agreement with the protective effect of sunitinib on BM in VEGF tumor-bearing mice, values of peripheral hematocrit and hemoglobin were increased in groups pretreated with sunitinib (Fig. 4 D and E) . Likewise, WBC values were elevated in groups pretreated with sunitinib. These data demonstrate that sunitinib significantly protects BM against chemotoxicity if this anti-VEGF drug is administrated before chemotherapy. Analysis of the tumor vasculature showed that sunitinib significantly inhibited tumor neovascularization and normalized the remaining vascular networks (Fig. S4 A and B) . Notably, termination of sunitinib treatment resulted in revascularization in groups followed by either the vehicle or carboplatin (Fig. S4 A and  B) . These results also show that carboplatin cannot maintain the sunitinib-induced antiangiogenic activity. Surprisingly, cessation of sunitinib treatment in these tumor-bearing mice led to higher degrees of tumor neovascularization in both groups successively treated with buffer or carboplatin (Fig. S4 A and B) , suggesting that a rebound tumor angiogenesis occurred in this model.
Taken together, our data show that the antiangiogenic effect of sunitinib administered in a sequence followed by chemotherapy does not correlate with improved survival. On the contrary, improved survival is well correlated with the sunitinib-induced protective effect against chemotoxicity in BM.
Anti-VEGF Therapy Improves Survival by Reducing CyclophosphomideInduced Chemotoxicity. To determine whether the AD sunitinib had a broad protective effect against chemotoxicity, sunitinib and CTX were simultaneously or sequentially delivered to tumorbearing mice. Consistent with the findings from carboplatin, sequential administration of sunitinib followed by CTX produced marked improvement in survival relative that to mice treated simultaneously with both drugs (Fig. 5A ). In agreement with survival improvement, sunitinib significantly protected against CTX-induced BM toxicity, whereas simultaneous delivery of the combination of both drugs did not show increased numbers of nucleated cell population in the BM relative to animals treated with CTX alone (Fig. 5 B and C) . These data further demonstrate that sunitinib can protect against chemotherapy-induced BM toxicity and can improve survival if it is delivered before chemotherapy.
Unlike carboplatin, CTX was able to maintain sunitinibinduced antiangiogenic activity (Fig. S5 A and B) , suggesting that CTX displayed substantial antiangiogenic activity. These findings demonstrate that various CDs may have different antiangiogenic activities, which should be selectively used in antiangiogenic maintenance therapy.
Discussion
The mechanisms underlying the clinical benefits of ADs plus chemotherapy are far from clear, although several preclinical evidence-based hypotheses have been put forward to explain the possible mechanisms, including AD-induced vascular normalization allowing more efficient delivery of CDs in tumors (19) and improved antitumor activity by combination therapy. However, the survival benefit of ADs may not necessarily correlate with tumor suppression in cancer patients (6, 7, 20) , suggesting alternative mechanisms underlying combination therapy. In the present study, we provide compelling evidence that tumorderived VEGF and chemotherapy synergistically suppress BM hematopoiesis and myelogenesis, leading to poor survival in the animals studied. Notably, pretreatment with VEGF blockades markedly protects chemotherapy-induced systemic toxicity and improves survival, supporting the beneficial advantage of sequential delivery of ADs followed by chemotherapy.
Off-tumor targets of anticancer drugs are conventionally associated with adverse effects. For example, CD-induced systemic effects on multiple organs including suppression of BM hematopoiesis, gastrointestinal tract-related disorders, and dysfunction of the endocrine system are the foremost reason for drug-induced mortality in cancer patients (9, 10) . Similar to chemotherapy, systemic delivery of ADs to cancer patients in currently routine clinical practice may also affect vascular structures and functions in multiple tissues and organs. The fundamental principle underlying currently available ADs is the objective of blocking functions of one or more angiogenic pathways in tumors (21) . However, the excessive amounts of tumor-derived angiogenic factors are often accumulated in the circulation to display broad biological functions on healthy tissues and organs. Thus, systemic delivery of ADs in cancer patients may also block angiogenic factor-induced systemic effects (6, 12) . Paradoxical to the adverse effects, emerging preclinical and clinical evidence suggests that off-tumor targets of ADs might be potentially beneficial sites for survival improvement (7) . Supportive data include the following: (i) High levels of circulating angiogenic factors in cancer patients have been correlated with poor prognosis; (ii) high levels of circulating VEGF have been found to induce a systemic paraneoplastic syndrome manifesting severe anemia, endocrine disorders, and splenohepatomegaly (6, 12, 13) ; (iii) clinical benefits of ADs are often not associated with tumor suppression (6, 7, 20) ; (iv) beneficial responses of ADs have positively been correlated with systemic responses including hypertension and skin rashes (7); (v) Genetic polymorphisms of VEGF or VEGFR2 in cancer patients have been associated with drug responses and survival benefit (7); and (vi) in preclinical tumor models, delivery of a low dose of an anti-VEGF agent to tumor-bearing mice has led to improved survival without affecting tumor growth (6) .
In designing clinical trials, patients with advanced malignancies are frequently recruited for antiangiogenic therapy. and these patients often have CASS manifesting different degrees of paraneoplastic syndrome and cachexia. Although several inflammatory cytokines such as TNF-α, IL-1β, and IL-6 have been linked to cancer cachexia (22) , circulating VEGF may significantly contribute to the development of CASS (6, 12) . In particular, high levels of VEGF significantly suppress BM hematopoiesis (6, 13) . Although the mechanisms underlying VEGF-induced BM impairment remain uncharacterized, it is plausible that VEGF may mobilize BM stem cells to peripheral tissues, leading to decreased numbers of hematopoietic islets. Alternatively, VEGF may mobilize specific lineages of hematopoietic cells that express a specific type of VEGFR. Our current data support the first possibility. This interesting issue, in relation to chemotherapyinduced BM damage and recovery, warrants further investigation.
In fact, a substantial number of cancer patients die of chemotherapy-induced toxicity rather than disease. In light of the existence of hematopoietic defects in a substantial number of cancer patients at the advanced stage their disease, systemic administration of CDs would further suppress hematopoiesis and increase the risk of high mortality. In this study, we have validated, in murine tumor models, this concept that VEGF and CDs synergistically suppress hematopoiesis and myelogenesis, leading to BM crisis and high mortality. Our findings have raised another interesting issue related to optimal combination regimens of ADs and CDs. Based on our preclinical findings, it is reasonably speculated that selection of less BM-toxic CDs for patients whose circulating levels of VEGF are high would be a better choice. Optimal combination regimens involving ADs and different CDs need to be further validated in clinical settings. Sequential delivery of anti-VEGF drugs before chemotherapy significantly improves BM hematopoiesis and tolerance to chemotherapy-induced toxicity and lethality. Our findings provide a rationalized mechanism supporting the superior beneficial effects by sequential delivery of antiangiogenic therapy followed by chemotherapy (Fig. 6) . Given the small incremental benefits of patient survivals by simultaneous delivery of ADs in combination with CDs as routinely prescribed during clinical practice, sequential delivery of ADs followed by chemotherapy would probably markedly increase the survival benefits by rescuing the population of chemotherapy-induced death. Although this concept warrants further validation in clinical settings, it at least provides a valuable rationale for designing future clinical trials to improve therapeutic outcomes.
Although sunitinib was used in the present study, we speculate that our findings could be extended to other anti-VEGF drugs. Indeed, our previously published findings demonstrate that a VEGFR2 blockade could completely prevent VEGFinduced BM damage, and these data thus allows us to generalize our findings to other ADs targeting the VEGF-VEGFR2 axis (6) . Because preclinical studies show that cessation of antiangiogenic therapy may produce a rebound effect of tumor neovascularization, long-term delivery of ADs is desirable for maximizing clinical benefits. Owing to the high costs of currently available ADs, long-term antiangiogenic therapy remains a challenging issue (1) . If CTX and other CDs were able to sustain AD-induced antiangiogenic activity, long-term or metronomic chemotherapy after antiangiogenic therapy would be an alternative option for optimizing clinical regimens.
